In Brief
The type IV secretion system of Helicobacter pylori requires basolateral integrin receptors for its function. Tegtmeyer et al. unravel that secreted serine protease HtrA opens cell-to-cell junctions by cleaving occludin, claudin-8, and E-cadherin. This allows bacterial transmigration across polarized epithelial cells to reach integrins for injecting CagA at basolateral membranes.
SUMMARY
The Helicobacter pylori (Hp) type IV secretion system (T4SS) forms needle-like pili, whose binding to the integrin-b 1 receptor results in injection of the CagA oncoprotein. However, the apical surface of epithelial cells is exposed to Hp, whereas integrins are basolateral receptors. Hence, the mechanism of CagA delivery into polarized gastric epithelial cells remains enigmatic. Here, we demonstrate that T4SS pilus formation during infection of polarized cells occurs predominantly at basolateral membranes, and not at apical sites. Hp accomplishes this by secreting another bacterial protein, the serine protease HtrA, which opens cell-to-cell junctions through cleaving epithelial junctional proteins including occludin, claudin-8, and E-cadherin. Using a genetic system expressing a peptide inhibitor, we demonstrate that HtrA activity is necessary for paracellular transmigration of Hp across polarized cell monolayers to reach basolateral membranes and inject CagA. The contribution of this unique signaling cascade to Hp pathogenesis is discussed.
INTRODUCTION
Type IV secretion systems (T4SSs) are large membrane-associated transporter complexes present in Gram-negative and Gram-positive bacteria as well as in some Archaea. These T4SSs operate in a contact-dependent fashion and are functionally diverse both in terms of the transported substrate (proteins or DNA-protein complexes) and the recipients, which can be either bacteria of the same or different species, or higher organisms such as plants, fungi, or mammalian cells (Gonzalez-Rivera et al., 2016) . Bacterial pathogens including Agrobacterium, Helicobacter, Legionella, Brucella, and Bartonella employ T4SSs to support their survival and proliferation in eukaryotic hosts. The prototypical T4SS is that of Agrobacterium tumefaciens, which delivers oncogenic nucleoprotein particles (T-DNA) into plant cells, leading to crown gall tumor growth, while the other T4SSs translocate effector proteins . T4SSs typically consist of 11 VirB proteins (encoded by virB1-11 genes) and the so-called coupling protein (VirD4, an ATPase). The agrobacterial VirB proteins can be grouped into three categories: (1) the putative channel or core components (VirB6-10), (2) the energetic components (the NTPases VirB4 and VirB11), and (3) the pilus-associated components (VirB2, VirB3, and VirB5) . Structural studies have demonstrated that multiple VirB proteins assemble into 3 megadalton T4SS nanomachines that span the entire cell envelope (Low et al., 2014) . This complex comprises an outer membrane-associated core structure connected by a central stalk to a substantial inner membrane assembly composed of 12 VirB4 ATPase subunits arranged as side-by-side hexameric barrels.
The Hp T4SS is encoded by the cag pathogenicity island (cagPAI) and contains up to 32 genes expressing all VirB orthologs and VirD4 as well as several auxiliary factors . The presence of this T4SS has been associated with several disorders ranging from chronic gastritis to ulceration to gastric cancer (Wroblewski and Peek, 2016) . Electron microscopy identified a 41 nm core structure (Frick-Cheng et al., 2016) and the T4SS pilus protruding from the bacterial surface (Kwok et al., 2007) . These T4SS pili are induced upon host contact and often locate at one bacterial cell pole. The majority of T4SSs in pathogens do not translocate their effectors into the culture supernatant. This suggests that functional activation of the T4SS requires a signal from the host cell, for example, the interaction with a specific receptor. Host cell integrin-a 5 b 1 was previously shown to directly interact with Hp T4SS proteins and is so far the only T4SS receptor known (Kwok et al., 2007; Kaplan-T€ urkö z et al., 2012; Bonsor et al., 2015) . Integrins are transmembrane cell adhesion molecules that mediate cell-tocell and cell-matrix interactions, anchoring cells to the underlying substratum (Mui et al., 2016) , and represent therapeutic targets in various cancers (Blandin et al., 2015) . Clustered integrins assemble into actin-rich structures known as focal adhesions, where integrin signaling is mediated (Multhaupt et al., 2016) . Binding of T4SS proteins such as CagL and CagY to integrins induces local membrane ruffling and integrin clustering, indicative of a general effect on membrane dynamics, which is the first T4SS activity on host cells (Tegtmeyer et al., 2010) . Once the T4SS pilus is established, Hp delivers peptidoglycan (Viala et al., 2004 ), chromosomal DNA (Varga et al., 2016 ), heptose-1,7-bisphosphate (Stein et al., 2017 , and the CagA effector protein, followed by phosphorylation at EPIYA motifs through oncogenic Src and Abl tyrosine kinases (Mueller et al., 2012) . However, most of the studies were done with non-polarized AGS cells, where integrins are easily accessible, but the mechanism of CagA translocation in the polarized gastric epithelium remains fully unknown.
In polarized epithelial cells, integrins are generally expressed at basolateral surfaces, being protected by tight junctions (TJs) and E-cadherin-based adherens junctions (AJs). This prompted us to investigate whether Hp can establish contact with integrins at the basolateral surface to inject CagA. Here, we demonstrate that Hp T4SS pilus formation and CagA delivery into polarized epithelial cells occur at basolateral, and not at apical sites. A second bacterial factor, the secreted serine protease HtrA (Hoy et al., 2010; Schmidt et al., 2016; Tegtmeyer et al., 2016) , is required and paves the way for Hp by opening the cell-to-cell junctions. This occurs through fragmentation of AJ proteins such as E-cadherin, cleaving off its 90-kDa extracellular domain and proposed cleavage of other yet unknown HtrA targets in the TJs, followed by paracellular transmigration of the bacteria across the polarized cell monolayer. Consequently, we propose a unique model in which Hp travels to basolateral membranes and injects CagA in an integrin-dependent manner.
RESULTS

Epithelial Colonization of Hp at Cell-to-Cell Junctions, Secretion of HtrA, and Disruption of E-Cadherin in Gastric Biopsies
We have recently demonstrated in vitro that Hp can secrete the serine protease HtrA into the medium, which cleaves E-cadherin (Hoy et al., 2012) . To investigate whether these findings exert in vivo relevance in Hp-colonized patients, we used transmission electron microscopy (TEM) on biopsy samples taken from the gastric antrum of 20 subjects undergoing routine endoscopic examination for dyspeptic symptoms (Necchi et al., 2007) . We tested two different antibodies directed against HtrA, both of which reacted specifically with Hp HtrA, but not with other bacterial and host cell proteins on western blots ( Figure S1A ). Our ultrastructural immunogold procedure by TEM revealed that HtrA-positive Hp, besides colonizing the gastric epithelial cells at apical sites in vivo, fills deeply penetrating intercellular clefts ( Figure 1A) , where the HtrA protease is massively secreted (Figures S1B and S1C), and directly contacts profoundly dislocated intercellular TJs ( Figures 1A-1C , blue arrowheads). The stainings show both HtrA within the bacteria (violet arrows) and secreted HtrA (yellow arrows) detected in the extracellular environment ( Figure S1C ). In addition, HtrA was found to penetrate intercellularly at the level of the cell-to-cell junctional system (Figures 1B and 1C, green arrows) . As a control, Hp-negative gastric biopsy specimens revealed normally preserved TJs, AJs, and desmosomes; no intercellular clefts; and, as expected, no HtrA signals ( Figures S1D and S1E) .
The expression of E-cadherin is commonly downregulated in gastric cancer (Costa et al., 2013) . Next, we employed immunohistochemistry (IHC) to detect the ectodomain of E-cadherin and assessed the Hp status in gastric tissues from patients with neoplasia ( Figures 1D-1F , S1F, and S1G). Compared to Hpnegative atrophic gastritis biopsies with intestinal metaplasia ( Figure 1D ), we observed decreased epithelial E-cadherin staining in Hp-infected mucosa samples ( Figure 1E ). Quantifying the E-cadherin staining in Hp-negative versus Hp-positive tissues revealed a statistically significant drop by about 40%, indicating that Hp infections are associated with the loss of the E-cadherin ectodomain in vivo ( Figure 1F ). Thus, the large extent of E-cadherin depletion associated with high levels of secreted HtrA resembles a severe disturbance of the mucosal barrier in the Hp-infected stomach.
HtrA Cleavage of Occludin and Claudin-8 and Hp Transmigration across Polarized Epithelial Cells
In the following experiments, we investigated the interaction of Hp with cultured polarized epithelial cells. For this purpose, MDCK, MKN28, and NCI-N87 cells were differentiated for 2 weeks. TEM and field emission scanning electron microscopy (FESEM) identified the presence of apical microvilli (Figures 2A and S1H) and confocal laser scanning microscopy (CLSM) confirmed proper localization of the apical marker protein ezrin ( Figure S1I ). Similar to our in vivo observations described above, FESEM revealed the time-dependent attachment of Hp to the apical surface in close proximity to the cell-to-cell junctions after 4 and 8 hr ( Figure 2A , yellow dashed lines). This was accompanied by fragmentation of the TJ proteins occludin and claudin-8 during infection ( Figure 2B ). Both proteins were confirmed as HtrA targets by in vitro cleavage using the recombinant proteins ( Figures S2A and S2B) . CLSM was then used to visualize the bacteria and integrin-b 1 in z stacks taken from apical down to basal sites. As shown in Figure 2C , integrin-b 1 revealed the typical basolateral localization as expected for polarized cells (upper panel, red) . To visualize the bacteria, we counterstained the samples using an antibody against Hp (lower panel, green). After 24 hr infection, we found Hp at apical (white arrows) and transmigrated bacteria at basolateral sites (blue arrows) (Figure 2C ). This suggests that Hp can efficiently disrupt both the TJs and AJs, and enter cell monolayers after several hours of infection.
T4SS Pilus Formation by Hp Occurs at Basolateral and Not Apical Epithelial Surfaces
Having established three useful in vitro polarized epithelial cell systems for Hp infection, we closely inspected the apically bound bacteria for T4SS pilus formation by FESEM. The results show that the majority of these bacteria exhibited no pili at all, with only a few having one visible pilus ( Figures 3A and 3C ). We then removed the cell monolayer from the substratum and investigated the basolateral Hp. Strikingly, more than 70% of the transmigrated basolateral bacteria exhibited T4SS pili and up to six pili per bacterium were detected ( Figures 3B and 3C ). This strongly supports the view that the T4SS is inactive when Hp adheres to apical surfaces, but becomes activated after traveling through the epithelial cell monolayer and reaching integrinrich basolateral compartments.
Intracellular Phosphorylated CagA Co-localizes with Basolateral Integrin-b 1 The above data imply that Hp transmigration may be an important pre-requisite for proper T4SS function. To investigate whether the HtrA-induced disruption of cell-to-cell junctions and Hp traveling supports CagA translocation into host cells, we analyzed CagA phosphorylation in infected MKN28 monolayers using an antibody recognizing phosphorylated CagA at tyrosine residue 972, also known as EPIYA-motif C. The specificity of the antibody for phospho-CagA-EPIYA-C was confirmed by western blotting (Kwok et al., 2007) and lack of staining in uninfected MKN28 control cells ( Figure 3D , upper panel). Remarkably, CLSM of infected cells revealed pronounced phospho-CagA signals co-localizing with integrin-b 1 at basolateral sites, as indicative for translocated CagA ( Figure 3D , lower panel, arrows). We also noted that the integrin-b 1 distribution slightly changed during the infection course. Quantification indicated a shift (up to 20%) of the overall integrin-b 1 signal from basal to basolateral sites upon infection ( Figure 3D ). Taken together, these data indicate that CagA is injected across basolateral-expressed integrin-b 1 after HtrA-mediated opening of cell-to-cell junctions and transmigration of the bacteria.
Expression of HtrA Inhibitory Peptide Abrogates Hp
Transmigration and CagA Translocation To corroborate the above findings further, we aimed to mutagenize htrA. Since htrA is an essential gene in Hp and cannot be deleted (Tegtmeyer et al., 2016) , we applied the HtrA inhibitor P1, a peptide (TGTLLLIYLSDVNDNAPIPEPR) derived from a recently identified HtrA cleavage site in E-cadherin (Schmidt et al., 2016) . We cloned the P1 sequence under the control of the arabinose-inducible pBAD system (Guzman et al., 1995) . To check whether the expression system works in Hp, this genetic element was first cloned together with the luciferase gene in the shuttle vector pSB13 ( Figure S2C ). Transformation of this vector into Hp followed by addition of L-arabinose resulted in strong and specific luciferase activation ( Figures S2D and  S2E ). Next, we replaced the luciferase gene by a construct See also Figure S1 .
expressing the P1 peptide fused to an N-terminal signal sequence and C-terminal hemagglutinin (HA)-tag for antibody detection ( Figure S2F , top). Our results show that P1 can be induced by L-arabinose in a dose-dependent manner and upregulation of P1 expression in Hp resulted in dose-dependent inhibition of HtrA activity as determined by casein zymography ( Figure 3E ). As further controls, the expression of HtrA and other well-known Hp virulence proteins, including GGT, VacA, CagA, and UreB, remained unaffected ( Figure S2G ). Infection of polarized MKN28 cells with P1-expressing Hp in the presence of L-arabinose resulted in a significant downregulation of bacterial transmigration as compared to the non-treated control (Figure 3F ). This result was confirmed by TEM of infected MKN28 samples showing that paracellular transmigration of Hp appears and can be blocked by expression of P1 (Figures 4A and 4B) . This phenotype nicely correlated with the abrogation of L-arabinose-dependent HtrA protease activity as well as CagA translocation and phosphorylation in the same time course ( Figures 4C, 4D , and S3A-S3D). As controls, cell binding of Hp and induction of interleukin-8 (IL-8) were not affected by P1 expression ( Figures S3E and S3F ). These findings strongly support the hypothesis that proteolytic activity of HtrA is critically required for bacterial transmigration and translocation and phosphorylation of CagA, but not for signaling leading to IL-8 secretion. Figures S4C and S4G ), but not in E-cadherin- expressing AGS cells under the same conditions ( Figures S4D and S4H ). As expected, CagA can be similarly well phosphorylated in both cell lines in the absence of arabinose, but with a notable delay in E-cadherin-expressing AGS cells ( Figures S4E-S4H ). Based on the above functional studies, we could therefore demonstrate that HtrA activity is required for translocation and phosphorylation of CagA in infected E-cadherin-expressing polarized cells, but not in nonpolarized control cells. Thus, HtrA and T4SS functions work together cooperatively during infection of polarized gastric epithelial cells and lead to basolateral delivery and phosphorylation of CagA.
DISCUSSION
The pathogen and type I carcinogen Hp infects about half of the human world population and is associated with severe gastric diseases. Here, we report on a unique mechanism of integrin receptor-dependent T4SS activation during infection of polarized gastric epithelial cells (summarized in Figure 4E ). It is well established that Hp translocates the virulence factor CagA into the host cell cytoplasm, where it can interact with an array of $24 known host signaling proteins in phosphorylation-dependent and phosphorylation-independent manners, manipulating fundamental processes in the gastric epithelium, including cell adhesion, polarity, proliferation, and actin-cytoskeletal rearrangements . acts with the apical junctional complex (Amieva et al., 2003; Wroblewski et al., 2015) and we described integrin-b 1 as receptor for CagA translocation (Kwok et al., 2007) . However, it remained unclear how Hp can target basolateral-expressed integrin-b 1 when lateral cell-to-cell adhesions are still intact in polarized epithelial cells. In fact, we identified HtrA as a secreted bacterial serine protease in vitro and in vivo that directly targets the TJ proteins occludin and claudin-8 as well as the AJ factor E-cadherin in polarized gastric epithelial cells. E-cadherin ectodomain shedding upon Hp infection has been confirmed previously in two polarized cell models (MCF-7 and NCI-N87) and did not require a functional T4SS or CagA (Weydig et al., 2007; Schirrmeister et al., 2009 ). These findings are in line with observations that infected patients exhibited significantly higher serum levels of soluble E-cadherin than uninfected controls, which was independent of the CagA status in the Hp strain (O'Connor et al., 2011) . Besides the role of HtrA as shown in the present paper, differences of methylation patterns or somatic mutations in the E-cadherin gene might further affect E-cadherin function in gastric carcinomas (Costa et al., 2013) . Since TJ and AJ complexes are intimately connected to the intracellular cytoskeleton ( Figure 4E ), HtrA-mediated cleavage of junctional proteins can disrupt cell-to-cell adhesions and induce the disintegration of epithelial barrier functions, which can also explain the occurrence of deep epithelial clefts in the colonized gastric epithelium in vivo ( Figures 1A  and S1B ). After these cleavage events, Hp can efficiently enter the intercellular space between neighboring cells, allowing travel to basolateral surfaces and CagA translocation across integrin-b 1 . In conjunction with these findings, we provide evidence that pilus formation and thereby activation of the T4SS mainly occurs at basolateral sites ( Figure 4E ). Finally, we established an inducible inhibitory peptide expression system in Hp, which profoundly blocks HtrA activity and CagA injection. Altogether, HtrA-dependent opening of cell-to-cell junctions and T4SS activation represent an innovative strategy allowing persistent Hp colonization and pathogenicity. Finally, our present data also indicate that the induction of pro-inflammatory IL-8 secretion by the bacteria may proceed independently of HtrA and integrins, which should be investigated in more detail in future studies. It will also be interesting to study whether additional HtrA-expressing pathogens use a similar infection strategy to break the epithelial barrier in other niches of the human body.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Commercial Cell Lines and Infection Experiments
The human gastric epithelial cell line AGS is E-cadherin-negative (ECACC, #89090402). E-cadherin-positive MKN28 cells (JCRB, #0253) were frequently used to study E-cadherin-dependent processes (Hoy et al., 2010) . MDCK (ATCC, #CCL-34) and NCI-N87 (ATCC, CRL-5822) cells represent other standard model systems to study cell-to-cell junctions. All cell lines were grown on 6-well plates in RPMI1640 medium containing 4 mM glutamine (Invitrogen), and 10% FCS (Sigma) in a humidified atmosphere at 37 C. Helicobacter pylori (Hp) wild-type strains P12 and B8 were cultured as described and cells were infected at a multiplicity of infection (MOI) of 25 (Wiedemann et al., 2012) .
Microbes
Hp strain B8 and its mutants were grown on horse serum GC agar plates, supplemented with vancomycin (10 mg/ mL), nystatin (1 mg/mL) and trimethoprim (5 mg/mL), at 37 C for 2 days in anaerobic jars containing a CampyGen gas mix (Oxoid) (Wiedemann et al., 2012) . Hp grown on agar plates was harvested and resuspended in Phosphate Buffered Saline (PBS, pH 7.4) using sterile cotton swabs (Carl Roth). The bacterial concentration was measured as optical density (OD) at 550 nm using an Eppendorf spectrophotometer.
METHOD DETAILS Bacterial Mutagenesis
Using the E. coli-Hp shuttle plasmid pSB13 as backbone (Backert et al., 2005) , an L-arabinose inducible expression construct for firefly luciferase was constructed. The gene encoding the firefly luciferase variant CBGr99 (luc) was obtained from plasmid pCBGr99-basic (Promega) by cleavage with NcoI and HpaI. This fragment was inserted into plasmid pHL222 (Loessner et al., 2007) at the NcoI site and the blunted HindIII site, giving rise to plasmid pHL310. Via XbaI restriction, luc was obtained from this plasmid and cloned downstream of the constitutive promoter of plasmid pSB13, yielding plasmid pSB13luci. Subsequently, the constitutive promoter was replaced by the L-arabinose inducible promoter araC/P BAD (P BAD ) (Guzman et al., 1995) . For this purpose, plasmid pSB13luci was digested with enzymes ClaI/SmaI, and ligated to the P BAD -harboring fragment obtained by ClaI/NaeI cleavage from plasmid pHL259 (Loessner et al., 2007) , giving rise to plasmid pSB13P BAD luci ( Figure S3A ). For induction, 20 mL L-arabinose solution (20 mg mL -1 L-arabinose in PBS, Carl Roth) were dropped onto two spots of each agar plate. After 2 hour incubation, 20 mL luciferin solution (30 mg mL -1 D-luciferin in PBS, Synchem OHG) was dropped onto the L-arabinose-induced spots as well as onto two non-induced spots of each plate. Luciferase-mediated bioluminescence emission was measured using the IVIS-Spectrum system and the Living Image 4.1 software (PerkinElmer).
Finally, we replaced the luciferase gene by a cassette expressing the HtrA inhibitory peptide P1 fused to an N-terminal signal sequence for delivery in the periplasm and C-terminal hemagglutinin (HA)-tag for antibody detection ( Figure S2F ). The 21 amino acid signal peptide (SP) was taken from Hp CagL (Conradi et al., 2012) . The 21 amino acid peptide inhibitor sequence P1 (TGTLLLILSDVNDNAPIPEPR) was taken from a reported HtrA cleavage site in E-cadherin (Schmidt et al., 2016) . The haemaglutinin (HA) tag sequence (YPYDVPDYA) was chosen due to its short sequence and available antibodies for detection (Conradi et al., 2012) . Serial dilutions of L-arabinose were used to investigate the induction of P1 expression in Hp.
Construction of E-Cadherin-Expressing AGS Cells E-cadherin-negative AGS cells were stably transduced with a pLenti6/V5 construct expressing the human wild-type E-cadherin cDNA as described previously (Oliveira et al., 2009 ). The expression of E-cadherin and other junctional markers (a-catenin, b-catenin and p120-catenin) in these cells has been tested by immunofluorescence microscopy. In addition, we have determined the (Boehm et al., 2012) .
Quantification of IL-8 Cytokines by ELISA MKN28 cells were incubated for up to 24 hours with Hp, and PBS-incubated control cells served as negative control. The culture supernatants were collected and stored at -80 C until assayed. IL-8 concentrations in the supernatants were determined by standard ELISA according to manufacturer's procedures (Becton Dickinson).
TER Measurement and Transwell Infection Studies
MKN28, NCI-N87 and MDCK cells were cultured on 0.33 cm 2 cell culture inserts with 3 mm pore size (Millipore). The cells were grown to confluent monolayers, and then incubated for another 14 days to allow cell polarization (Boehm et al., 2012) . TER was measured with an Electrical Resistance System (ERS) (Millipore). Maximum TER values indicated that the cells reached maximal polarity. After apical infection, the numbers of transmigrated bacteria were quantified in aliquots from the basal chambers and counting colony forming units (CFU) on agar plates (Boehm et al., 2015) . All infection assays were done in triplicates.
In vitro Cleavage Assays of Occludin and Claudin-8 by HtrA For in vitro cleavage studies, 100 ng recombinant human occludin (H00004950-P01, Abnova) or claudin-8 (H00009073-P01, Abnova) were incubated with 50 ng purified HtrA in 50 mM HEPES buffer at pH 7.4. All cleavage reactions were carried out at 37 C for 16 hours.
Bacterial Cell Binding Assay
Infection of MKN28 monolayers was carried out at a density of 3.5 x 10 5 cells in 6-well plates as described previously (Kwok et al., 2002) . After infection, the cells were washed three times with 1 mL of pre-warmed RPMI medium per well to remove non-adherent bacteria. To determine the total CFU corresponding to cell-bound bacteria, the infected monolayers were incubated with 1 mL of 0.1% saponin in PBS at 37 C for 15 min. The resulting suspensions were diluted and plated on GC agar plates. The CFUs were counted after 5 days of incubation.
Cloning and Purification of Recombinant HtrA Protein
Cloning and purification of HtrA from Hp strain 26695 was performed as described earlier (Boehm et al., 2012) . In brief, the htrA gene was amplified from genomic DNA by PCR. Using flanking restrictions sites BamHI/EcoRI, the PCR product was ligated into the pGEX-6P-1 plasmid (GE Healthcare Life Sciences) and transformed in E. coli strain BL21codon+. For purification of GST-HtrA, E. coli were grown in 500 mL TB medium to an OD 550nm of 0.6 and the expression was induced by addition of 0.1 mM isopropylthiogalactosid (IPTG). The bacterial culture was centrifuged at 4,000 x g for 30 min and pellets were lysed in 25 mL PBS buffer by sonification. The resulting lysate was cleared by centrifugation and the supernatant was incubated with glutathione sepharose (GE Healthcare Life Sciences) at 4 C overnight. HtrA was eluted with 180 units Prescission Protease for 16 hours at 4 C (GE Healthcare Life Sciences). Cleavage products were analyzed by SDS-PAGE and casein zymography as described below.
Casein Zymography
Casein zymography is a highly sensitive and well-established standard technique to analyze protease activities in biological samples (Snoek-van Beurden and Von den Hoff, 2005) . Total cell lysates including HtrA proteins were loaded onto 10% SDS-PAGE gels containing 0.1% casein (Roth) and separated by electrophoresis under denaturing conditions. After protein separation, the gel was renatured in 2.5% Triton X-100 solution at room temperature for 60 min with gentle agitation, equilibrated in developing buffer (50 mM Tris-HCl, pH 7.4, 200 mM NaCl, 5 mM CaCl 2 , 0.02% Brij35) at room temperature for 30 min with gentle agitation, and incubated overnight at 37 C in fresh developing buffer. Transparent HtrA bands having caseinolytic activity were visualized by staining with 0.5% Coomassie Blue R250 as described (Boehm et al., 2012 (Boehm et al., , 2015 .
Antibodies
The following antibodies were used: monoclonal AIIB2 integrin-b 1 (Developmental Studies Hybridoma Bank), monoclonal a-CagA antibody (Austral Biologicals), monoclonal pan-phosphotyrosine a-PY99 (Santa Cruz, USA), rabbit a-ezrin (Santa Cruz), rabbit a-claudin-8 (Thermo Scientific), rabbit a-occludin (Thermo Scientific), rabbit a-Helicobacter pylori (Dako) and two monoclonal antibodies directed against the extracellular domain of E-cadherin, H-108 (Santa Cruz) and CD324 (BD Biosciences). a-HA antibodies were purchased from Sigma-Aldrich. HtrA proteins were detected by rabbit polyclonal a-HtrA antisera raised against HtrA peptides DKIKVTIPGSNKEY (#1578) and KERAFTLTLAE (#20555). Rabbit polyclonal a-UreB, a-CagA, and a-GGT antibodies were described previously (Tegtmeyer et al., 2013) . The a-VacA antibody (#123) was kindly provided by Dr. T.L. Cover (Nashville, TN/USA). The 11-mer peptides of the non-phospho EPIYA-C motif (C-SPEPIYATIDD) and its phospho-form (C-SPEPI(pY)ATIDD) were used for immunizations of rabbits to produce phosphospecific and non-phosphospecific a-CagA-EPIYA-C antibodies according to standard protocols (Biogenes AG, Germany) (Kwok et al., 2007) . Dot blot analyses were used to approve the functionality of the phosphoCagA antibody. For this purpose, the above described phospho-and non-phospho EPIYA-C peptides (as well as the corresponding
SDS-PAGE and Immunoblotting
Bacterial fractions or infected cells were mixed with equal amounts of 2 x SDS-PAGE buffer and boiled for 5 minutes. Proteins were separated by SDS-PAGE on 8% polyacrylamide gels and blotted onto PVDF membranes (Immobilon-P, Millipore). Before addition of the antibodies, membranes were blocked in TBS-T (140 mM NaCl, 25 mM Tris-HCl pH 7.4, 0.1% Tween-20) with 3% BSA or 5% skim milk for 1 hour at room temperature (Zhang et al., 2015) . As secondary antibodies, horseradish peroxidase-conjugated a-mouse or a-rabbit polyvalent rabbit and pig immunoglobulin, respectively, were used (Life Technologies). Antibody detection was performed with the ECL Plus chemiluminescence Western Blot kit for immunostaining (GE Healthcare Life Sciences).
QUANTIFICATION AND STATISTICAL ANALYSIS
Quantitation of Signals in Western Blots and Casein Gels Quantification of band intensities on immunoblots was performed using the Chemicdoc imaging system (BioRad) and indicated the percentage of phosphorylation per sample. As represented in the corresponding figures the strongest band on each gel was set at 100%.
Statistics
All data were evaluated via Student's t test with SigmaPlot statistical software (version 13.0). Statistical significance was defined by p%0.05 (*), p%0.01 (**) and p%0.001 (***).
